Abstract: A thin, compact, and uniform cobalt layer was coated on ferritic stainless steel (Crofer 22 APU) by high frequency square pulsed electrodeposition in an aqueous solution containing cobalt chloride and boric acid. The effects of various electrodeposition parameters and post heat treatment on the morphology, thickness, roughness and adhesion of the coating layer were investigated. It was found that neutralizing with sodium hydroxide solution after acid washing of the polished sample surface prevented delamination of the sub-surface layer. The addition of boric acid had a strong influence on the nucleation and agglomeration behavior of the deposited Co, which consequently controlled both the thickness and the roughness of the coating layer. With increasing current density, the grain size decreased and, therefore, a more uniform microstructure could be achieved. The duty cycle of the square pulse strongly affected the morphology but not the roughness of the coating layer. Subsequent heat treatment at 800 ℃ in air greatly improved the adhesion of the Co layer to the substrate. By optimizing the aforementioned electrodeposition parameters and adopting the post heat treatment, it was possible to obtain a fine, uniform, compact, and thin (< 2 μm) Co layer with excellent adhesion properties. †
INTRODUCTION
Fuel cells are devices that directly convert chemical energy to electrical energy by electrochemical processes. The solid oxide fuel cell (SOFC) has the advantages of flexible fuel selection and high efficiency, and has no need of fuel reformers, which allows it to be developed as a combined cycle system. Nonetheless, its high operating temperature, greater than 700 ℃, has delayed SOFC commercialization, because the temperature limits the selection of materials suitable for stack components, and introduces unresolved issues with long-term stability and stack sealing [1] .
The SOFC interconnect is one of the main SOFC components. The two main roles of the interconnect are to act as the physical barrier and electrical connector between cells, and so the essential technical requirements for the interconnect material are strong oxidation resistance and high *Corresponding Author: Young Whan Cho [Tel: +82-2-958-5465, E-mail: oze@kist.re.kr] Copyright ⓒ The Korean Institute of Metals and Materials electrical conductivity. In the early stage of SOFC development, given the high operating temperatures (~ 1000 ℃) of the SOFC systems, the only materials that could be used for interconnects were ceramic materials. However, following the introduction of an electrode-support type SOFC whose operation temperature was reduced to the range of 600 to 800 ℃, the use of metallic interconnects have drawn increasing attention [1, 2] . Based on their high thermal and electrical conductivity, good machinability, and cost-effectiveness, Fe-base metallic interconnects have been considered a viable choice [3, 4] .
The Fe-base materials used in to SOFC interconnects are chromia forming ferritic stainless steel with a Cr content greater than 16 wt%. Such alloys possess a coefficient of thermal expansion coefficient (CTE) matching those of the other SOFC components. However, one of the drawbacks of the chromia forming alloys is the inevitable production of gaseous Cr 6+ containing species through reactions with oxidants (O2 and H2O), particularly at the cathodic side [5] . It to a Cr2O3 precipitate at the triple phase boundary (gas phase -electrolyte -cathode), eventually leading to polarization loss, and so-called "Cr poisoning" [3, [5] [6] [7] .
To address the "Cr poisoning" issue while still retaining or improving both oxidation and electrical properties, surface modification of the metallic interconnects using various coating materials has been attempted [8] [9] [10] [11] [12] . For instance, direct deposition of protective coatings made of perovskite (La, Sr) MnO3 [13] [14] [15] [20, 21] .
The interconnect employed in planar SOFCs has a complex geometry because of the channels in the structure used for injecting fuel gas and air [22] . Among various coating methods, pulse electroplating was employed for deposition because of its ability to coat a complex-shaped interconnect [22, 23] . Co was selected as the coating material because it is converted into Co spinel oxides which have moderate electrical conductivity and thermal stability due to their good CTE match [8, 24, 25] .
In the present study, a compact, fine, uniform, and extremely thin Co layer was coated on ferritic stainless steel 
EXPERIMENTAL

RESULTS AND DISCUSSION
Effect of boric acid
Cobalt can be electroplated in all sulfate, chloride, sulfate-chloride, mixed solution, sulfamate, ammonium sulfate, and fluoborate solutions [26] . It is also known that the pH and temperature of the solution will affect the mechanical properties of the electrodeposited Co layer [27] . In the present study, a Cobalt chloride solution with boric acid was used and the pH was maintained between 3 and 3.5. The concentration of boric acid commonly used for Cobalt coating with a chloride solution is 60 g in 1000 ml distilled water, and the Table 2 ) was used in the present study, however, it was difficult to obtain a uniform and compact coating layer thinner than 3~5 μm. After several preliminary tests with different levels of boric acid and solution temperature, it was found that 35 g boric acid in 1000 ml distilled water and a solution temperature of 25 ℃ (Process B, Table 2 ) was suitable for producing thin, compact, and uniform coating layers, as shown in Fig. 2 . Without the boric acid, the grain size varied significantly, and tended to agglomerate into aggregates larger than 3 ~ 5 μm. Moreover, the surface could not be evenly covered when the thickness of the coating layer reached 10 μm (Fig. 2a) . A compact, uniform and thin coating was, however, obtained using Process B, as shown in Fig. 2b and 2c , under the same coating conditions. When both the boric acid level and solution temperature were increased (Process A), it was still possible to obtain a uniform and compact coating layer, but the grain size increased. This inevitably resulted in a much thicker coating (> 4 μm), as shown in Fig. 2d . The surface roughness also increased from 29 to 46 nm with increasing amounts of boric acid. Fig. 4b ). By using a combination of reducing acid washing from 3 to 1 min and applying the neutralization treatment, it was possible to restrain the formation of the sub-surface region and cracks, as seen in Fig. 4c. 
Current density
The average grain size of the coating layer deposited in the solution without boric acid decreased with increasing current density. A primary grain size of well below 1 μm was obtained when the current density was above 70 mA/cm 2 ( Fig. 5) . Higher current density also promoted a more compact coating, mainly due to an increased tendency to form more compact aggregates of fine primary grains (see Fig. 5b and c). The thickness of the coating layer reached more than 8 μm under these coating conditions. When the current density was further increased to 160 mA/cm 2 , it was possible to obtain a rather compact and thinner (~ 4 μm) coating even with less than half of the electrical charge density (current density multiplied by coating time) applied to the other three samples. It was observed, however, that too high current density resulted in a slightly larger primary grain size and lower filling density, with relatively large pores, as shown in Fig. 5d . In addition, the microstructure of the coating was not uniform and the surface became rough compared with those formed in the solution with boric acid.
When an appropriate amount of boric acid was added to the cobalt chloride solution, a much finer, compact and uniform coating layer could be prepared over a wide range of current densities, between 64 and 400 mA/cm 2 (see Fig. 6 ). It was also observed that the grain size decreased with increasing current density, but not as significantly as the case without boric acid. However, the so-called burnt deposit phenomena occurred at the corners of the sample when the current density was 160 mA/cm 2 even though the microstructure became finer and more regular (Fig. 6b) . At a current density of 400 mA/cm 2 , the area with over-burnt deposits at the corners increased significantly, while the morphology of the coating layer showed insignificant change, as presented in Fig. 6c . Nevertheless, the average thickness of the compact and uniform coating layer could be controlled to remain below 2 μm under these coating conditions. This result clearly indicates that both the current density and the boric acid level should be carefully adjusted to prepare a thin, fine, compact and uniform coating layer in the Co chloride solution at room temperature. Figure 7 shows the effect of the pulse frequency on the morphology of the coating layer under the Process B conditions. It seems that both the grain size and morphology of the coating layer looked almost the same, regardless of the square pulse frezuency. They were both compact and uniform and the thickness ranged from 1.5 to 2 μm. There was a slight improvement in surface roughness (19 nm) at 100 Hz, compared with 27 nm at 10 Hz, both with a duty cycle of 50%, as shown in the colored inserts in Fig. 7 . The influence of the duty cycle at 100 Hz on the morphology and surface roughness was also examined. The decrease in duty cycle tended to promote a more acicular microstructure and consequently rougher surface (see Fig. 8 ). When the duty cycle was 80%, the roughness was 15 nm, and it increased to 19 nm at 50%. At 20%, the microstructure became inhomogeneous and less compact with a wide range of pores.
Pulse frequency and duty cycle
Moreover, a coating layer thickness in a range of 0.8 to 1.2 μ m was obtained at 80% duty cycle, but it increased to more than 2 μm at 20% even though the applied electrical charge density was the same. The reason why a higher duty cycle produced a thinner and smoother surface than a lower duty cycle was not clarified, yet it is believed to be related to the enhancement in the nucleation rate of the deposit during the on cycle, and the suppression of the grain growth during the off cycle time. This will naturally promote compact, uniform, and quick coverage of the surface and eventually produce a thinner coating layer. When the duty cycle becomes low, the growth rate seems to preferentially increase, mainly due to recrystallization during the off cycle [28] . (Fig. 9c) , the cross section observations confirmed that it was completely dense after only 1 h (insert in Fig. 9b ).
Post heat treatment effects
The change in chemical composition of the coating layer was investigated by EDS analysis both from the top and the The change in phase composition in the coating layer after 100 h of oxidation heat treatment in air is shown in Fig. 11 .
Prior to the heat treatment, only Co with a hexagonal structure was observed along with the substrate (bcc) peaks.
A preferred orientation was observed in the analysis of the relative intensity ratio of the XRD peaks, which is common in the electrodeposition process [29, 30] . After 100 h of heat treatment, at least three different types of complex oxides, including two spinel phases, MnCo2O4 and CoCr2O4, and a rhombohedral Cr2O3 phase, were detected. Based on the results of both the EDS and XRD analyses, it was deduced that the inner layer was rich in Cr2O3 and the outer layer was rich in MnCo2O4. It is also quite probable that the CoCr2O4 spinel exists mainly in the middle layer. It was therefore concluded that the diffusion of Cr to the surface can be quite effectively suppressed by applying a thin and uniform coating layer of Co, which in turn will certainly reduce the volatilization of Cr [21, 31] .
Although the adhesion property of the coating layer could be significantly improved by adopting an appropriate acid washing and neutralization process, together with optimum coating parameters, the coating layer on the interconnect surface may not be strong enough to survive subsequent handling and assembling of the stacks. Very fortunately, it was found that a simple and relatively short heat treatment in air further improved the adhesion strength of the coating layer. Figure 12 shows the results of the scratch test. The applied load was increased gradually from 0 up to 20 N.
Without heat treatment, the coating layer started to peel off at around 10 N, but it did not peel off even at 20 N after the oxidation heat treatment of only 1 h at 800 ℃ in air.
Moreover, the thickness of the protective coating layer remained below 2 μm even after 100 h, so the growth rate seems to be rather slow, as described before.
From these results, it was concluded that a thin, fully dense, and uniform oxide layer, mainly composed of spinel phases, forms after a simple oxidation heat treatment in air, and the growth rate of this multi-phase oxide layer is very low. More characterization of the behavior of this protective oxide layer at high temperatures is on-going and will be published separately. 
CONCLUSIONS
